pending on the initial release probability (P r ) of the synapses involved. High P r is usually associated with STD, while a low P r favors STE (Zucker and Regehr, 2002 
] signal mechanistic understanding of STE. and thus shape short-term plasticity characteristics
The Munc13 proteins (Munc13-1, the splice isoforms during periods of sustained synaptic activity. 
Results

Munc13-1 and ubMunc13-2 Bind CaM via a Conserved Binding Site
To identify proteins that regulate the function of Munc13s in presynaptic neurotransmitter release, we searched for interactors of Munc13-1 and ubMunc13-2 using the yeast two-hybrid (YTH) system. Using a rat Munc13-1 bait (aa 441-1181) in pLexN, we identified CaM as a Munc13-1 , while GST alone, GSTcations contained at least the C-terminal CaM lobe with EF hands three and four. This finding may be due to Munc13-1(1-455), or GST-Munc13-1(514-1735) did not ( Figure 2B ). CaM binding to GST-Munc13-1(445-567) the fact that the C-terminal lobe binds Ca 2ϩ with 5-fold higher affinity than the N-terminal lobe (Chin and was only partially Ca 2ϩ dependent, while binding to the other Munc13-1 constructs was strictly Ca 2ϩ dependent. Means, 2000).
Neither the pVP16-3-CaM prey constructs nor the bait Together, these results indicate that CaM binding to Munc13-1 is restricted to a small sequence stretch (resiconstructs had autoactivating properties, indicating that the CaM interaction with Munc13s is highly specific. Interactions of CaM with amphipathic target setides representing the conserved CaM recognition motifs of Munc13-1 and ubMunc13-2 bind CaM specifically, quences usually have a 1:1 stoichiometry. Therefore, the observation that more than one additional band in directly, and with a 1:1 stoichiometry. To identify residues in Munc13-1 and ubMunc13-2 SDS-PAGE gels occurs after crosslinking of CaM with Munc13 peptides is unexpected. To determine whether that are essential for CaM binding, we introduced single point mutations into GST-Munc13-1(445-567) and GSTthese bands correspond to isomeric 1:1 adducts, in which the peptide is bound to different residues of CaM, ubMunc13-2(372-494), which robustly bind CaM ( Figure  5A ), and tested for consequences on CaM binding in we analyzed the crosslinking reactions by liquid chromatography/electrospray mass spectrometry (LC-MS). In cosedimentation assays. We focused on the conserved Trp residue within the CaM recognition motifs of the total ion current chromatogram, the crosslinking products were represented by three peaks (brackets in Munc13-1 and ubMunc13-2 because this residue has a prominent position in the binding site and changes its Figures 4C and 4D) , which was in agreement with the SDS-PAGE analysis. However, the deconvoluted mass fluorescence emission upon CaM binding ( Figures 4G  and 4H ). In both Munc13 isoforms, the Trp residue was spectra corresponding to the entire triple peak chromatography signal revealed the presence of only two main mutated to Arg, which was predicted to be compatible with an ␣-helical structure. GST-Munc13-1(445-567) -independent RRP refilling. forms, we observed striking differences during highThe recovery kinetics could be fitted with a single expofrequency stimulation. Figure 6D -independent manassociated with selective expression of either Munc13-1 ner (Rosenmund and Stevens, 1996) . The P vr is the ratio or ubMunc13-2 are not caused by differences in the of the charge transfer during an evoked EPSC and the initial P vr (Rosenmund et al., 2002) . Here, we show that charge transfer during the transient part of the sucrose the strong depression and lack of augmentation associresponse. RRP sizes and EPSC charges were similar ated with CaM-insensitive Munc13s are also not due to in both wt and mutant groups (data not shown). Cells altered initial P vr ( Figure 6C ). Our previous analysis of expressing wt and CaM-insensitive mutant Munc13s
Munc13-1 KO neurons revealed that two factors contribtherefore had a similar initial P vr (Figure 6C To separately analyze activity-dependent changes of the RRP and P vr , we determined the RRP size and P vr 2 s after a 10 Hz train with 50 stimuli. Because of the slight rundown of EPSCs associated with sucrose application, the pool size under basal conditions was determined twice, once at the beginning and once at the end of the experiment, and averaged. Between these two sucrose applications, the augmented EPSC amplitude (after a first 10 Hz train) and the augmented RRP (after a second 10 Hz train) were determined ( Figure 7A ). The augmented RRP size was normalized to the averaged RRP size under basal conditions and provides, together with the augmented EPSC charge, an estimate of the P vr under conditions of augmentation (P vr ϭ EPSC charge/ sucrose charge).
Posttrain augmentation of evoked EPSC amplitudes in rescued cells was 1.64-fold Ϯ 0.19-fold (n ϭ 13) for wt Munc13-1 versus 1.28-fold Ϯ 0.14-fold (n ϭ 11) for Munc13-1 W464R (not significant) ( Figure 7B ) and 3.1-fold Ϯ 0.33-fold (n ϭ 14) for wt ubMunc13-2 versus 1.38-fold Ϯ 0.08-fold (n ϭ 16) for ubMunc13-2 W387R (p Ͻ 0.001) (Figure 7B) .
The analysis of the RRP size modulation during augmentation showed dramatic differences between neurons rescued with CaM-sensitive and CaM-insensitive Munc13s. The RRP size under conditions of augmentation varied from 1.3-to 0.73-fold in cells expressing wt Munc13-1 and was, on average, unchanged (1.01-fold Ϯ 0.04-fold, n ϭ 13, normalized to the basal RRP size) ( Figure 7C ). The RRP size upon Munc13-1 W464R expression was significantly reduced 2 s after the 10 Hz train, indicating incomplete recovery after the partial depletion. The average RRP size reduction under condi- of Held (Sakaba and Neher, 2001) indicates that, at least Our experiments separate two mechanisms that in some of these synapses, the same CaM/Munc13-shape STP characteristics of synapses. One is defined dependent molecular mechanism is operating. by the action of the newly identified CaM/Munc13 comIn summary, the present study identifies an evolutionplex, which mediates activity-dependent vesicle priming arily conserved molecular correlate for a Ca 2ϩ -depenand modulation of the RRP size. The CaM/Munc13 comdent RRP refilling mechanism that determines presynplex is likely the molecular correlate of the Ca 2ϩ -depenaptic output during sustained activity and shapes dent refilling mechanism that has been observed in sevdifferent types of STP, including depression and forms eral vertebrate preparations (Dittman and Regehr, 1998; of enhancement. Stevens and Wesseling, 1998; Wang and Kaczmarek, (Calbiochem) , and centrifuged at 4ЊC for 15 min at 15,000 rpm on a
